Abstract: Austenitic stainless steels X4CrNi18-12 and X8CrMnNi19-6-3 were processed by accumulative roll bonding (ARB). Both materials show an extremely high yield strength of 1.25 GPa accompanied by a satisfactory elongation to failure of up to 14% and a positive strain rate sensitivity after two ARB cycles. The strain-hardening rate of the austenitic steels reveals a stabilization of the stress-strain behavior during tensile testing. Especially for X8CrMnNi19-6-3, which has an elevated manganese content of 6.7 wt.%, necking is prevented up to comparatively high plastic strains. Microstructural investigations showed that the microstructure is separated into ultrafine-grained channel like areas and relatively larger grains where pronounced nano-twinning and martensite formation is observed.
Introduction
Accumulative roll bonding (ARB) [1] as a process of severe plastic deformation is one of the most effective methods for the production of bulk ultrafine-grained (UFG) materials with a median grain size smaller than 1 µm. The microstructural evolution during ARB is well described in literature, see for example [2] [3] [4] for details. The mechanical properties of those materials are frequently claimed to be favorable compared to their conventionally grained (CG) counterparts, as a good combination of high strength and satisfactory ductility can be achieved [5] [6] [7] . The enhanced ductility is often brought into connection with the enhanced strain rate sensitivity [3, 6, 8, 9] of those materials. Moreover, strain rate sensitivity is strongly related to an increased fraction of high angle boundaries [4] , as they can act as sources and sinks for dislocations [3] . Although there are numerous publications on ARB available, only a couple of them are dealing with ARB-processing of steel-sheets. Among those, the majority concerns interstitial free bcc steels (IF-steels) with a rather low content of alloying elements, see for example [1, [10] [11] [12] . However, there is very little literature available about ARB of austenitic steels, which will be focused on in the following. Kitahara et al. [13] investigated the martensite transformation of an ultrafine-grained Fe-28.5at.-%Ni-alloy with single phase metastable austenite at room temperature. They performed the accumulative roll bonding process with sheets that were pre-heated at 500 °C for 600 s up to 5 cycles. However, each cycle was divided into two passes with a thickness reduction <50%. They achieved an ultrafine-grained microstructure with a mean grain size of 230 nm and a yield strength that was increased by a factor of 4.9 compared to the initial material. Moreover, they showed that the martensite transformation starting temperature decreases with the number of ARB cycles. Another study about ARB of austenitic steel was published by Jafarian et al. [14] . They investigated the microstructure and texture development in a Fe-24Ni-0.3C (wt.%) austenitic steel up to 6 ARB-cycles and subsequent annealing. The processing was performed at 600 °C. The texture was found to change from a copper orientation after 1 cycle towards a strong brass component after 6 cycles of ARB. Shen et al. [15] performed an accumulative cold rolling process with a thickness reduction of 17% each pass, using sheets of a commercial austenitic stainless steel 304SS, which was pre-heated up to 400 °C prior to each pass. Due to various subsequent heat-treatments, they could achieve materials with different grain sizes. The tensile samples reached a yield strength of up to 1.8 GPa, yet rather small elongation to failure of about 6%. Furthermore twinning and slip of partial dislocations were found to dominate plastic deformation in the ultrafine-grained state. Li et al. [16] processed sheets of an austenitic 36%Ni (mass-%) steel up to 6 cycles, with a pre-ARB heat-treatment at 500 °C. They found a rather small grain size of 150 nm and a high misorientation concerning the high angle boundaries.
As no information is available in literature, this work is focused on the strain rate sensitivity of ARB-processed ultrafine-grained austenitic stainless steels. Moreover, the effect of ultrafine grains and pronounced nano-twinning on the mechanical properties of commercially available and technically relevant alloys was addressed.
Experimental Section
Austenitic steels X4CrNi18-12 (1.4303) and X8CrMnNi19-6-3 (1.4376) were used as initial sheet materials for accumulative roll bonding. Due to the high Ni-content, the austenitic phase of X4CrNi18-12 is stabilized, which leads to a higher cold forming capability. This is desirable, as the material is severely strained during ARB-processing. The austenitic steel X8CrMnNi19-6-3 is a metastable one, which contains 6.7 wt.% of manganese. This induces twinning by plastic deformation, which might lead to satisfactory ductility. The material was delivered by Thyssen Krupp Nirosta GmbH and the chemical composition can be found in Table 1 . The sheets of X4CrNi18-12 and X8CrMnNi19-6-3 had an initial geometry of 25 × 150 × 1 mm (width × length × thickness) and were processed up to three and two cycles of ARB, respectively. Henceforth, the number of performed ARB cycles is denoted by N0-N3. Hereby one cycle of ARB equals a v. Mises equivalent strain of 0.8. During each cycle, the sheets were degreased in acetone and wire brushed with a rotating steel brush. Afterwards, the sheets were pre-heated in an electrical furnace for 5 min at 300 °C and finally roll bonded with a thickness reduction of 50%. After each cycle, edge cracking was cut off and the sheets were prepared accordingly to the scheme described above before the next cycle. In order to determine the mechanical properties of the processed sheets, both Vickers hardness measurements and tensile testing were performed. Therefore, a hardness measurement unit Leco V-100A and an Instron 4505 universal testing machine (Hegewald & Peschke MPT GmbH, Nossen, Germany) for uniaxial tensile testing were utilized. The hardness measurements were conducted at the sheet plane, the rolling plane and the transversal plane. Tensile testing was conducted in rolling direction at room temperature and at strain rates of 10 
Results and Discussion
In Figure 1 , the results of the hardness measurements in sheet plane, rolling plane and transversal plane are shown for X4CrNi18-12 and for X8CrMnNi19-6-3. Generally an increase of the hardness with the number of ARB cycles can be observed. The largest increase is found for the sheet plane, which is due to the high friction between the sheets and the rolls. This leads to a large shear strain at the surface regions of the sheet [17] and, therefore, to a 15% higher hardness compared to the other planes. Moreover, the hardness of both alloys increases severely during the first cycle of ARB, but only slightly during subsequent cycles. While the hardness of X4CrNi18-12 increases rather constantly between one and three cycles, the hardness of X8CrMnNi19-6-3 already appears to saturate after two ARB cycles. The mechanical performance of both austenitic steels during tensile testing is shown in Figure 2 . The ultimate tensile strength (UTS) and the yield strength (YS) increase significantly during the first ARB cycle and the general trend is similar to the hardness measurements. That is to say, both steels reach a YS of around 1.25 GPa after N2 and N3, respectively. The highest increase in strength is found after the first cycle. Therefore, X4CrNi18-12 shows an increase of the UTS by a factor of 1.9 and an increase of the YS by a factor of 3.8. During subsequent ARB-cycles, the strength is further increased, although the relative increase is smaller. The total increase in yield strength compared to the initial material equals a factor of 4.7. The uniform elongation is reduced from 50.4% to 1.2%, while the elongation to failure is reduced from 58% to 7.7%. Similar behavior is found for X8CrMnNi19-6-3, which also shows a strong increase in strength and a strong decrease in ductility after the first ARB cycle. Thereby, the YS increases by a factor of 2.4. The reduction in ductility can be attributed to a decreased hardening rate after severe plastic deformation. Nevertheless, both materials show an excellent combination of strength and ductility. The ARB-processed X8CrMnNi19-6-3 especially performs very well and reaches an UTS between 1.3 and 1.5 GPa, while it maintains an elongation to failure between 10 and 14%. Generally, the shape of the stress-strain curves changes after the first ARB cycle. While the N0 samples deform mainly uniformly during the tensile testing, the ARB-processed ones start necking at pretty low strains but show long post-necking deformation. This transition of tensile deformation behaviors in ultrafine-grained materials was discussed in detail for aluminum by Yu et al. [18] . Referring to this publication, tensile stress-strain curves can be categorized into four different characteristic types, in dependence of the grain size and the testing temperature. The N0-curves obtained in the present study a can be assigned to Type IV, which means that the curve shows continuous strain-hardening. This is typically observed in coarse-grained materials with a grain size larger than 4 µm. The stress-strain curves of the ARB processed X4CrNi18-12 can be assigned to Type II, which means that the curves exhibit a distinct yielding peak followed by strain-softening. Type II behavior is observed for grain sizes between 0.4 µm and 1 µm. According to Yu et al. [18] , the yielding peak is brought into connection with a lack of mobile dislocations, due to the large dislocation sink area provided by grain boundaries. This so-called yield-drop was also found for ultrafine-grained aluminum AA1100 and IF-steel [19] , UFG Cu [20] , UFG Ti [21] and also for cold-rolled high-manganese austenitic steel [22] , which shows twinning induced plasticity. Concerning X8CrMnNi19-6-3, also a distinct yield point followed by strain softening can be observed. In Figure 2d , the true strain hardening rate is determined between the uniform elongation and the elongation to failure and plotted over the true plastic strain for both austenitic steels after N2. The curves were obtained by calculating the true stress strain curves (Figure 2c ) from the engineering data and by determining the derivative of those curves. It has to be considered, that the actual cross-section of the tensile samples during tensile testing was not measured. However, the strain hardening curves can be compared qualitatively. It can be observed, that both materials initially show the same behavior up to 5% of plastic strain. That is to say, the strain hardening rate is reduced between the yield point and 3% of true plastic strain. Up to 5% the hardening rate for both alloys is increasing again. Afterwards, the strain-hardening rate of X4CrNi18-12 drastically decreases, while for X8CrMnNi19-6-3 the strain hardening rate increases until it suddenly drops as soon as the sample breaks. This is most likely due to failure because of ARB-related bonding defects. On the one hand, the stabilization of the stress-strain curves could be influenced by an enhanced strain rate sensitivity, which is typically observed for ultrafine-grained fcc metals. Thereby, thermally activated annihilation of dislocations is assumed to play a decisive roll and might lead to increased post-necking strains. On the other hand, both steels show a three-stage work hardening behavior, which is typical for materials with pronounced twinning activity and which is also found for high manganese TWIP (twinning induced plasticity) steels. It appears that the second stage is more distinct for X8CrMnNi19-6-3 compared to X4CrNi18-12. This might be due to the elevated manganese content, which leads to a higher twinning activity during tensile deformation that could stabilize the deformation behavior. The decreasing hardening rate after 5% of plastic strain, which is observed for X4CrNi18-12, might be attributed to a saturation in the amount of twinned grains. This saturation is not reached for X8CrMnNi19-6-3 during plastic straining. However, also martensitic transformation might contribute to the stabilization of the stress-strain curves. To gain more insight, the strain rate sensitivity and the twinning behavior of the materials were investigated.
The strain rate sensitivity (SRS) of the austenitic steels was determined from tensile testing experiments at strain rates of 10 −3 s −1 , 10 −4 s −1 and 10 −5 s −1 . SRS has to be determined under constant microstructural conditions. Thus, the determination of the SRS from tensile tests is rather crucial, as a microstructural stable condition is hardly achieved. In order to minimize this problem, all stress-strain curves were analyzed at maximum stress, which appears to be a good compromise between the evolution of the microstructure and the limitations of the onset of necking. Therefore, true stress-true strain diagrams were plotted and the maximum stress was evaluated from the different curves. Afterwards, the determined values where plotted over the corresponding strain rate according to [23, 24] . Figure 3 reveals that in the initial N0 condition X4CrNi18-12 shows a small positive SRS of around 0.007 at room temperature, while the SRS of X8CrMnNi19-6-3 is around zero. After the first and the second ARB cycle, the SRS of X4CrNi18-12 is slightly decreased to around zero.
However, it increases distinctly during the third ARB cycle to 0.017. A similar trend can be found for X8CrMnNi19-6-3, where the SRS remains around zero after the first cycle, but increases after the second cycle to 0.021. The SRS after two cycles in the case of X8CrMnNi19-6-3 and after three cycles in the case of X4CrNi18-12 are in the range of SRS found for other ultrafine-grained fcc materials in literature [6, 9, 25] . Pronounced strain rate sensitivity is frequently brought into connection with an increased fraction of high angle boundaries, which is typically found in ultrafine-grained fcc metals, see for example [4] . Those high angle grain boundaries can act as sources and sinks for dislocations [3] , which are able to stabilize the stress-strain behavior and eventually lead to a higher elongation to failure [6, 25] . Consequently, Figure 2 reveals a higher elongation to failure for X8CrMnNi19-6-3 compared to X4CrNi18-12, as the strain rate sensitivity was determined to be higher. However, the SRS usually increases with the number of ARB cycles. Nevertheless, the SRS of X4CrNi18-12 is decreased after the first ARB cycle, which is a rather untypical behavior. In order to clarify more about this point, the microstructures of both alloys were investigated in detail by means of SEM and TEM. Concerning the stabilized austenitic steel X4CrNi18-12 in the initial N0 condition, which can be seen in Figure 4a , the grain size of the equiaxial austenite grains is found to be in the range between 15-30 µm. Moreover, various annealing twins can be observed. The coarse grain structure leads to a high strain hardening capability and therefore to a high uniform elongation. Figure 4b reveals that after one ARB-cycle (ε = 0.8) the grains appear highly deformed and pronounced mechanical twinning and martensite formation are clearly visible. Generally, the microstructure shows various types of microstructural features. On the one hand, large grains with a grain size clearly above 1 µm. These grains are filled up by nano-twins and martensite needles. On the other hand, shear band like regions were found, indicating highly localized plastic deformation with very small grain sizes in the UFG regime. With increasing number of ARB cycles, the fraction of the UFG area is extended and the grain size is further reduced far below 1 µm , see Figure 4c . Moreover, the heterogeneity of the microstructure related to the above described features decreases. Nevertheless, some of the ultrafine grains still contain nano-sized twins in the range of 5-20 nm, which could be observed in the TEM, see Figure 4d . According to Mangonon et al. [26] , martensitic transformations in Fe-Cr-Ni alloys proceed in the sequence γ (fcc)→ε (hcp)→α' (tetragonal-bcc). Thereby, α' is preferably built at intersections of two ε bands and near regions where ε bands are adjacent to twins or grain boundaries. Furthermore, α' first appears to be needle-shaped and becomes more lath-shaped during subsequent growth. Hereby, the growth of α' leads to a reduction of the ε phase. Shen et al. [27] found that both ε and twins act as an intermediate phase during the transformation form γ-austenite to α'-martensite. Above a certain strain level, they observed that the twin density is decreasing, while the martensite density is further increasing. Huang et al. [28] performed detailed TEM-investigations on the nucleation mechanism of deformation-induced martensite in an austenitic steel under ECAP-deformation. They observed similar behavior as described above; however they could also find α' nucleating at the intersection of two deformation twins and micro shear-bands. Accordingly, the diffraction patterns of those zones become rather complex (compare inset of Figure 5d ). Generally, the microstructural evolution of the austenitic steel X8CrMnNi19-6-3 is quite similar to that of X4CrNi18-12. That is to say, X8CrMnNi19-6-3 also shows equiaxed coarse grains in the initial N0 condition. The grain size is about 10 µm , which is slightly smaller than that of X4CrNi18-12 and there is also a smaller amount of annealing twins, see Figure 5a . After the first ARB cycle, the microstructure already appears highly deformed, and both twinning and martensite are found in the whole microstructure, which can be seen in Figure 5b . Furthermore, some larger grains in the range between 0.5 and 1.5 µm are found, which are rather randomly surrounded by very small grains. After the second ARB cycle, oval-shaped areas with a diameter of 2-5 µm are forming, see Figure 5c . Those areas are divided by zones of localized plastic deformation and very small grain sizes, which appear to be shear bands orientated 45° to rolling direction. Moreover, the fraction of ultrafine-grained areas is clearly increased compared to the N1 condition. In TEM investigations γ-austenite, martensitic areas as well as twinning were found. Accordingly, in [28] , the observed diffraction patterns were quite complex. In Figure 5d the diffraction pattern of such an area is representatively shown. Although indications for twinning and martensite could be found, the heavily deformed structures did not allow clear identification and separation of the different phases.
After the first ARB cycle, the microstructure of both alloys is dominated by larger grains containing mechanical twins and martensitic needles. As the fraction of ultrafine grains is rather small, twinning and martensitic transformation can be regarded as the dominating deformation mechanisms. Thus, the highly deformed microstructure contributes to the pronounced increase in strength. Twinning is also assumed to significantly contribute to plastic deformation during tensile testing, which stabilizes the stress-strain behavior. As a consequence of that, elongation to failure becomes relatively high, see Figure 2 . Because of pronounced twinning after one ARB cycle and reduced interaction of dislocations with grain boundaries the strain rate sensitivity of both austenitic steels is approaching zero after the first ARB cycle, as shown in Figure 3 . This appears to be in contrast to observations by Lu et al. [29] , who report a positive effect of twins on the SRS in UFG Cu. Nevertheless, both the grain size and the twin thickness are in a much smaller regime in that study. Moreover. martensite formation found in this work might affect the SRS. As the fraction of ultrafine-grained regions is increasing again during subsequent ARB cycles and the twinned areas are reducing, the dislocation grain boundary interaction is enhanced and the strain rate sensitivity is also increasing again. This leads to a positive strain rate sensitivity, which is usually observed in many fcc metals. Mechanisms based on the thermally activated interaction of dislocations with grain boundaries, which might provide a good explanation for the observed increase in SRS, are given by Blum et al. [3] in terms of thermally activated annihilation of dislocations at grain boundaries or by Kato et al. [30] in terms of thermally activated dislocation depinning at grain boundaries. Moreover, grain boundary sliding cannot be completely neglected and might also contribute to the enhanced SRS to a certain extent. However, when ductility is regarded, the situation becomes more complex: On the one hand, with increasing number of ARB cycles, decreasing elongation to failure is observed as the twinning capability is further decreased and the fraction of martensitic areas becomes more pronounced. On the other hand, the SRS, which is known to positively affect ductility, see Figure 2c , is increased for both alloys. Consequently, the elongation to failure is still rather satisfactory. Therefore, it is assumed that the increased strain rate sensitivity, martensitic transformation as well as twinning appear to contribute to the good ductility during tensile testing.
Conclusions
In the present study, commercially available austenitic steels X4CrNi18-12 and X8CrMnNi19-6-3 were processed by accumulative roll bonding at elevated temperatures. For both alloys, pronounced twinning and needles like martensite were found after the first ARB cycle. An increase in yield strength by a factor of 3.9 and 2.4, respectively, was found. During subsequent ARB cycles, the fraction of ultrafine-grained microstructure was clearly increased and a very high yield strength of 1.25 GPa was achieved. For X8CrMnNi19-6-3, the high strength was combined with a satisfactory ductility of more than 10%. The ultrafine-grained regions appeared in channels, dividing coarser areas where pronounced twinning with twin size of 5-20 nm was found. Typical for ultrafine-grained fcc metals, positive strain rate sensitivity between 0.017 and 0.021 was revealed for both alloys, as soon as the fraction of ultrafine-grained regimes was increased. Strain rate sensitivity, twinning and martensitic transformation appear to contribute to the satisfactory ductility.
